INTRODUCTION
Lung cancer is the most frequent cause of cancer-related death worldwide 23) . Brain metastases occur in 20-40% of non-smallcell lung cancer (NSCLC) patients and are one of the most important malignancy-related issues in these cases because of the considerable mortality and morbidity that result 12, 26) . Although whole-brain radiotherapy (WBRT) has traditionally been used for treating brain metastases, it cannot be used in all cases because of its adverse effects and complications 19) . Moreover, it is well known that conventional chemotherapy is not effective for brain metastases because of the blood-brain barrier. Recently, stereotactic radiosurgery (SRS) has been introduced as an effective substitute for WBRT in selective patients who have single or multiEffects of an Epithelial Growth Factor ReceptorTyrosine Kinase Inhibitor Add-on in Stereotactic Radiosurgery for Brain Metastases Originating from Non-Small-Cell Lung Cancer
MATERIALS AND METHODS

Eligible patients
We retrospectively identified patients with measurable brain metastases from a pathologically confirmed NSCLC harboring an activating mutation in EGFR who were treated with SRS for the brain tumor at our institution between 2005 and 2010. Patients with brain metastases derived from other cancers were excluded. SRS treatment was indicated when there were fewer than ten brain metastases, each less than 3 cm in size, on contrastenhanced brain magnetic resonance imaging (MRI). The following cases were included in the present study : synchronous brain metastases at first diagnosis, relapse of brain metastases after primary site surgery, and new development of a brain lesion following chemotherapy. In addition, patients were required to be over 18 years of age, with an Eastern Cooperative Oncology Group (ECOG) performance status of 0-3, regardless of neurological symptoms. Patients with severe comorbid conditions and other active malignancies were excluded. Patients who had received prior WBRT or TKI treatment were excluded from the study. The study was approved by the Institutional Review Board of the Asan Medical Center.
EGFR mutation analysis
All specimens for EGFR mutation analysis were primary lung cancer tissues. Among them, 23 (74.2%) were from biopsy tissue and others (25.8%) were the specimens from operation. DNA was derived from tumors embedded in paraffin blocks using a QIAamp DNA Mini Kit (Qiagen, Valencia, CA, USA). Exons 18, 19, and 21 of the tyrosine kinase domain of the EGFR-coding sequence were amplified by polymerase chain reaction (PCR) with specific primers. PCR products were sequenced directly using an automatic ABI PRISM Genetic Analyzer 3130 (PE Applied Biosystems, Foster City, CA, USA).
Treatment
All metastatic tumors in the brain were treated with SRS using Leksell Gamma Knife model C (Elekta, Stockholm, Sweden). We obtained T1-weighted, high-dose gadolinium enhanced images, with an injected gadolinium volume of 0.4 mmol/kg. We used multiple isocenters to insure a highly conformal dose distribution and defined a prescription dose as a dose covering at least 93% of the target volume. To irradiate the tumor margins, the median peripheral dose of 23 Gy (range, 15-25 Gy) was prescribed at the median 50% isodose line (range, 34-65%). After SRS, the patients were observed to detect any acute adverse effects.
Patients treated with SRS and TKIs for brain metastases received the TKIs within 2 weeks of commencing SRS. These patients received oral gefitinib (Iressa; AstraZeneca, London, UK) 250 mg or erlotinib (Tarceva; Roche, Basel, Switzerland) 150 mg once daily. The other patients were treated with systemic chemotherapy. The guideline recommendations about application of EGFR-TKI treatment for lung cancer patients harboring activating EGFR mutation were changed from the second line treatment to the first line treatment in Korea in 2010. Among various systemic therapy, regimen was chosen for each patient regarding patients' preference, side effect and previous treatment history.
Follow-up and evaluation of treatment response
Brain MRI was immediately performed when new neurologic symptoms or signs developed or every 3 months. Objective tumor response was assessed according to the Response Evaluation Criteria in Solid Tumors (RECIST) criteria version 1.0 25) . Partial response (PR) was defined as at least a 30% decrease in the sum of the longest target lesion diameter, taking as reference the longest baseline diameter and/or the persistent of one or more nontarget lesion. Progressive disease (PD) was defined as at least a 20% increase in the sum of the longest diameter, taking as a reference the smallest sum of the longest diameter recorded after treatment, or the appearance of one or more new lesions in brain MRI. Stable disease (SD) was defined as the absence of significant shrinkage or enlargement qualifying complete response or PR or PD.
Adverse events
Adverse events were followed closely thoughout 24 hours after SRS with particular interest in neurological deficits. Adverse events were the newly developed symptoms that patients complained after SRS. Severe adverse events were defined as life threatening events from any cause after procedure or other symptoms such as headache that would lead physicians either to treat brain edema with steroid or surgery.
Statistical analysis
Frequencies and descriptive statistic of demographic and clinical variables were obtained. Overall survival (OS) from the time of brain metastasis to death was estimated using the KaplanMeier method. Progression-free survival (PFS) was defined as time interval from the SRS treatment to documented disease progression in the central nervous system (CNS) or death from any cause. Continuous variables were compared using a Student's t-test. Statistical analyses for categorical variables were performed using a chi-square test or Fisher's exact test when the expected value was less than five. All analyses were conducted using SPSS software for Windows, version 18.0 (SPSS Inc., Chicago, IL, USA). Statistical significance was determined by a two-tailed pvalue of less than 0.05.
RESULTS
Patients and tumor characteristics
Of the 316 patients treated with SRS for brain metastases from primary NSCLCs, information on EGFR mutations was available for 138 cases. Of these, 50 patients (36.2%) had an activating EGFR mutation. Eleven patients were excluded because they had previously received EGFR-TKI before the brain metastasis arose, had received no systemic therapy, or had no follow-up data (Fig. 1) . Eighteen patients received concurrent SRS and TKI treatment and thirteen received SRS without TKI. Baseline characteristics of our study patients are listed in Table 1 . Of these 31 patients, 22 (71.0%) were women. The median age of these enrolled patients was 56.0 years. The histological subtype in each case was adenocarcinoma with an activating EGFR mutation. Deletion in exon 19 was the most common type (48.4%) of EGFR mutation in our study series, followed by the L858R point mutation (45.2%). The T790M mutation, known as the EGFR-TKI resistance mutation, was found in one patient in each group. Brain metastasis without other systemic lesions was found in three patients after surgical treatment of the lung cancer. The median number of brain metastases was 2 (range, 1-8) and the median tumor volume was 1.30 cc (range, 0.05-16.10 cc).
Treatment outcomes
TKI was administered as a first-, second-, and third-line treatment in 5 (27.8%), 11 (61.1%), and 2 (11.1%) of the study patients, respectively. A doublet regimen of gemcitabine and cisplatin was administered in four patients (30.8%) and paclitaxel with cisplatin, vinorelbine, docetaxel, and gemcitabine monotherapy were used for each of two patients (15.4%). The median duration of TKI medication was 13.4 months. Five patients (27.8%) in the SRS with EGFR-TKI group and two (15.4%) in the SRS group took salvage WBRT when CNS lesions progressed after SRS (p=0.67). Among the patients with CNS disease progression, five were considered that benefits would be less than risk by booster WBRT (Table 2) . Four patients could not take WBRT due to poor performance, and others refused additional radiation therapy or took other treatment such as intracranial chemotherapy via ommaya reservoir. The median OS of SRS with TKI group was 37.1 months, compared with 31.9 months in the SRS without TKI group (p=0.19). The median PFS time was not significantly longer in the former group than in the latter (17.0 months vs. 9.0 months; p=0.450) (Fig. 2) .
Adverse events
The most common complaint after SRS was headache but this was controlled using acetaminophen. There were no severe adverse events that required additional steroid treatment or surgery following SRS (Table 3 ). In addition, a combination of SRS and TKI did not induce additional adverse effects. After SRS, two patients experienced dizziness and myalgia, but these symptoms subsided by themselves.
DISCUSSION
Our present study did not show that adding a usual dose of gefitinib or erlotinib to SRS for brain metastases from NSCLC had an additive benefits compared to SRS monotherapy for brain metastases. There were no additional adverse events with the use of concurrent TKI and SRS for brain metastases from EG-FR-mutant adenocarcinomas of the lung. Since patients with symptomatic brain metastases have usually been excluded from the large clinical trials of EGFR-TKI 16) , the efficacy of these drugs against brain metastases has been evaluated in previous case reports and retrospective small studies 6, 21) . There is evidence to sup- Fig. 2 . Kaplan-Meier analysis of progression-free survival and overall survival. TKI : tyrosine kinase inhibitor. port that gefitinib has a significant role in brain metastases 2, 8, 17) and the efficacy of high-dose weekly erlotinib on CNS metastases has been described in other reports 3, 4, 11) . In those studies, the presence of activating EGFR mutation was a significant predictor for clinical benefit of brain metastases 21) . However, although all of our current enrolled patients had an activating EGFR mutation, the efficacy of TKI agents on brain metastases was not significantly better than chemotherapy, possibly because these inhibitors were used at the usual dose and the resulting penetration of blood-brain barrier was insufficient to reach a therapeutic concentration in the CNS. Moreover, our number of enrolled patients was limited. Furthermore, our present study included diverse brain metastases settings : brain metastases at first diagnosis of NSCLC, brain metastases relapse after curative surgery, and new development of brain metastases on systemic therapy. The effect of systemic treatment could vary according to these various clinical settings.
In recent investigations, SRS with booster WBRT has shown advantages in the local control of brain metastases 1, 10) . In addition, concomitant treatment of WBRT with gefitinib has shown promising activity in a Chinese population with regard to efficacy and adverse effects 13) . Based on these results, EGFR-TKI and SRS with adjuvant WBRT could be an option for the limited number of EGFR-mutant NSCLC patients with brain metastases. However, a well-designed randomized control trial is necessary to establish an effective treatment strategy for EGFR-mutant NSCLC patients with brain metastases.
Patients with activating EGFR mutations have significantly better survival outcomes than those with wild-type EGFR when treated with EGFR-TKIs 15, 24) . Despite brain metastases, the median OS time of the enrolled patients in this study was 23.1 months. As the survival time of advanced NSCLC patients with activating EGFR mutations has lengthened due to the development of targeted therapies, treatment strategies for brain metastases need to improve to a similar extent. Nowadays, as early brain metastases without symptoms and signs can be detected by advanced imaging techniques, the indications for SRS have been increasing. SRS could avoid the risk of neurocognitive impairment and a decline in quality of life associated with WBRT and can be applied to elderly patients without severe adverse effects 14) . According to the study enrolled NSCLC patients with brain metastases harboring an activating EGFR mutation without neurologic symptom, first line EGFR-TKI monotherapy showed that disease control rate and PFS were 93% and 6.6 months, respectively 20) . In this study, those of SRS monotherapy were 61.5% and 9.0 months. Due to its retrospective nature, our current study has several limitations. First, because the guideline recommendations were changed in 2010 in Korea, with EGFR-TKI changed from a second-to first-line treatment, our study patients had different treatment settings. Recently, EGFR-TKI has been used as a first-line treatment for patients harboring an activating EGFR mutation, and it is now recommended to continue EGFR-TKI treatment for lung cancer patients with advanced cancers, even if brain metastases have newly developed 18) . Second, different chemotherapy regimens were used among our patient series. Although all of the chemotherapy regimens used in this study included a standard treatment for NSCLC, these regimens were still variable. Third, there was no tissue confirmation of brain metastases in our subjects. When there was a recurrence of brain metastases, a re-biopsy was not performed and the metastases were mainly diagnosed by radiologic results. Also, without the availability of brain tissue, the EGFR mutation status was determined using previous lung tissue. Finally, the EGFR-TKI used was either gefitinib or erlotinib. Both drugs showed treatment efficacy against brain metastases 5, 9, 20) , but the characteristics of these drugs and interactions with other medications such as anticonvulsants and steroids could be different. EGFR mutation is more common in Korea than other countries, and overall survival of the patients with EGFR mutation has become improved. Therefore, there is a great need to establish proper treatment strategies for the patients with EGFR-mutant brain metastases.
CONCLUSION
This present study showed no additive benefit of a combination therapy of SRS and EGFR-TKI for brain metastases from EGFR-mutant adnocarcinomas of the lung. Further investigation including an prospective study is needed to determine the efficacy of an EGFR-TKI add-on in treating this subgroup of NSCLC patients with SRS.
